Major space weather events such as solar flares and coronal mass ejections are usually accompanied by solar radio bursts, which can potentially be used for real-time space weather forecasts. Type II radio bursts are produced near the local plasma frequency and its harmonic by fast electrons accelerated by a shock wave moving through the corona and solar wind with a typical speed of ∼1000 km s −1 . The coronal bursts have dynamic spectra with frequency gradually falling with time and durations of several minutes. This Letter presents a new method developed to detect type II coronal radio bursts automatically and describes its implementation in an extended Automated Radio Burst Identification System (ARBIS 2). Preliminary tests of the method with spectra obtained in 2002 show that the performance of the current implementation is quite high, ∼80%, while the probability of false positives is reasonably low, with one false positive per 100-200 hr for high solar activity and less than one false event per 10000 hr for low solar activity periods. The first automatically detected coronal type II radio burst is also presented.
INTRODUCTION
Modern society is strongly dependent on complicated electronic systems, spacecraft, etc., which are vulnerable to extraterrestrial influences. Consequently, continuous observation and forecasting of space weather effects is of crucial importance. Type II coronal radio bursts are currently one of the main observable precursors of disturbances that will arrive at Earth within a few days (e.g., Dulk et al. 1999; Leblanc et al. 2001; Reiner et al. 2001; Warmuth & Mann 2005; Pick & Vilmer 2008) . These bursts are associated with eruptive phenomena on the Sun and have dynamic spectra with frequencies gradually falling with time, the duration of the coronal burst typically being several minutes (Nelson & Melrose 1985; Pick & Vilmer 2008) . Their emission is produced near the local electron plasma frequency and its harmonic by fast electrons accelerated by a shock wave moving through the corona and solar wind with a typical speed of ∼1000 km s −1 . When this shock arrives at Earth, it can be responsible for geophysical and technological effects such as geomagnetic storms, auroras, communications blackouts, etc. Leblanc et al. (2001) demonstrated that reliable estimates of the shock's arrival time can be deduced from the dynamic spectra of the associated type II radio bursts. Such estimates can be further improved if the shock "departure" speed estimated from radio spectra is used as an input for magnetohydrodynamic models simulating the solar wind (e.g., Smith et al. 2008) .
This study presents a new method for automatic recognition of type II radio bursts. This method is implemented in the second version of an Automated Radio Burst Identification System (ARBIS 2). A previous version (ARBIS 1) was developed to detect type III coronal radio bursts only, and the corresponding technique was described by Lobzin et al. (2009) . ARBIS 2 makes use of the same technique for finding type III bursts. The typical durations of coronal type II bursts are about 2 orders of magnitude greater than those for type III events, making the appearance of these two kinds of bursts essentially different.
Hence, recognition of type II bursts requires a new technique, which is described below.
The development and future extensions of ARBIS 2 should be of widespread interest for several reasons. First, the both type II and type III techniques implemented in ARBIS 2 should be useful for solar radio observatories engaged in the space weather forecasting, as well as the routine detection and documentation of solar radio events. Second, further examination of type II radio spectra in order to estimate the speeds of associated shock waves and coronal mass ejections should allow better prediction of their arrival times at Earth. Third, with an accurate automatic recognition system available, more quantitative investigations of the timing and correlation of type II radio bursts with other solar space weather events and their precursors will become possible. Lastly, this recognition method can be generalized to similar interplanetary and astrophysical phenomena.
The Letter is organized as follows. The data used in the study are described in Section 2. The procedure for data processing and analysis, its performance, and the first real-time observation of type II radio burst are presented in Section 3. Section 4 summarizes the results and gives the conclusions.
DATA
In the present study, we use archived and real-time solar radio spectra provided by the Learmonth Solar Radio Observatory (Western Australia). The Learmonth solar radio spectrograph belongs to the Radio Solar Telescope Network and is operated jointly by the US Air intensity. The logarithm of the relative intensity takes integer values in the range 0-255. For further details, see the documentation by Kennewell & Steward (2003 The recognition of a type II event in a dynamic spectrum can be considered a problem of object recognition in the "image" obtained by plotting the spectrum in time-frequency coordinates. Unlike the case of usual images, these coordinates are not equivalent. However, various digital image processing techniques can be successfully used, sometimes with minor modification, as was shown earlier for the problem of automated type III recognition (Lobzin et al. 2009 ). The problem is essentially statistical due to the unavoidable noise affecting the spectrum acquisition system and the natural variability of solar bursts. Indeed, the most intense signals are related to electromagnetic interference from communications (thick bright horizontal lines, sometimes with gaps) and a digital ionosonde (two oblique straight segments in the low-frequency range). Furthermore, type II radio bursts vary widely in frequency range, intensity, frequency drift rate, and duration (Nelson & Melrose 1985) . Moreover, unlike the textbook example shown in Figure 1 (a), type II events often have a much more complicated structure, with several lanes, which can overlap and be difficult to distinguish. In addition, major solar events are usually accompanied by groups of type III radio bursts, which are typically observed in the impulsive phase of the solar flare and precede the type II event (Nelson & Melrose 1985; White 2007; Pick & Vilmer 2008) . However, these groups can last longer and have high intensity, causing them to overlap and hide type II bursts. An example of such a complicated event that was observed on 2002 July 18 is mentioned by Lobzin et al. (2009) and is included in this study.
A suitable procedure for coronal type II recognition has been found empirically. Lobzin et al. (2008) showed that the dependence of the frequency f of maximum intensity on time t can be approximated by a power law
where a and b are constants and the power law index α is quite often close to 1. More precisely, for the events studied it was deduced that 0.6 α 1.3 in the frequency range 30-160 MHz (Lobzin et al. 2008 ). This finding suggests that coronal type II spectra plotted in 1/f versus t coordinates should yield segments with smaller curvature, sometimes almost straight, as was found previously by Reiner et al. (1998) for type II bursts associated with shocks propagating in the solar wind rather than in the corona. It is this property of type II bursts that has been chosen to recognize them in spectra. Several techniques exist for finding straight segments in images. A standard Hough transform is chosen here due to its computational attractiveness and robustness (Hough 1962) . Probably, this technique was used in space weather studies for the first time by Robbrecht & Berghmans (2004) , who developed a system for automated recognition of coronal mass ejections. The main feature of the Hough transform is that extended objects like straight segments in images are transformed into localized peaks in the space of Hough parameters, with longer segments producing bigger peaks.
The aim of our procedures for spectra processing is to arrive at a binary image with approximately straight segments related to type II bursts and to achieve a sufficiently high signal-tonoise ratio before making a decision. The pixel values of binary images are 0 and 1 rather than integers in the range 0-255 for original spectra. The entire procedure can be split into two stages: preprocessing and recognition. 3.1. Preprocessing Preprocessing of dynamic spectra is required for at least two reasons. First, both archived and real-time data contain timing errors and gaps corresponding to missing measurements. Second, the measured dynamic spectra are not well suited for automated recognition of type II bursts. As compared with a human, an automated system usually has a smaller flexibility when interpreting data. This necessitates improving the quality of the picture to be interpreted. In other words, it is desirable to perform an image reconstruction and enhancement aimed at rejecting undesired signals (such as solar radio bursts other than type II events, communication signals, etc.) and emphasizing type II bursts, thereby increasing the performance of automated detection.
The first preprocessing procedure creates a two-dimensional array G(i t , i f ) of the dynamic spectrum without gaps. Here and in the following, the indices i t and i f correspond to time and frequency, respectively, with i f = 1, . . . , 802. In the array G(i t , i f ) the time intervals between successive spectra are assumed to be equal to 3 s, with missing data replaced by synthetic samples (Lobzin et al. 2009 ). The values of synthetic spectra in the gaps are ignored in the later stages of processing; hence they cannot produce false events.
The second procedure crops the spectrum G(i t , i f ). Figure 1(a) shows that the low-frequency part of the measured spectrum (25-44 MHz) has bigger intensity and variability, as well as much more contamination from communication systems and ionosondes. On the other hand, there are few coronal type II bursts that are visible only in this frequency range. Thus, to decrease the number of false alarms, the measurements from 25 MHz to 44 MHz are discarded.
The third procedure is an intensity transformation of the remaining part of the spectrum. Figure 1(a) shows that the effective receiver gain depends on frequency; in particular, it changes abruptly at the 75 MHz boundary between the low and high bands. To remove the corresponding jump in measured signals, the jump is estimated and then added to all measurements in the low band. It is worth noting that the logarithms of relative intensities are used rather than the intensities themselves.
It is also important to increase the dynamic range of type II features in spectra. Indeed, visual inspection of Figure 1(a) shows that the distribution of pixel values is highly nonuniform, with the highest values corresponding to narrowband interference while most pixel values are relatively low. Typically, type II radio bursts affect a small fraction of the total number of pixels, and often the corresponding signal increase is also small. Moreover, the intensity may decrease with time, making the low-frequency tail of the burst merge into the background noise. A histogram equalization procedure (e.g., Gonzalez & Woods 2008) followed by normalization is used to enhance images of dynamic spectra.
The fourth procedure is a 1/f transformation of the spectra. This operation decreases the curvature of type II lanes, which often become almost straight and so easier to detect (Lobzin et al. 2008) . The result for one event chosen is shown in Figure 1(b) .
Typically, object detection in images is computationally intensive. Part of the reason for the computational efficiency of the standard Hough transform is that it is usually applied to binary images with pixel values 0 or 1 (for brevity, the pixels will be called dark and bright, respectively) rather than to gray-scale images. Its efficiency can be improved further by decreasing the number of bright pixels, specifically, those not likely to be related to the features of interest (type II bursts). The fifth preprocessing procedure, multistage filtering, is used to achieve this goal. Its first stage is a moving-average filtering of the spectrum image with respect to time. A similar procedure was previously used to find weak type III bursts (Lobzin et al. 2009 ). Then, the filtered gray-scale image is converted to a binary image B(i t , i f ), with pixel values being equal to 1 if there is a significant enhancement in the signal intensity in the corresponding channel and at the corresponding time and 0 otherwise. To decide whether the observed enhancement is significant, it is necessary to choose a criterion. In the present study the criterion is that B(i t , i f ) = 1 if the pixel corresponds to a local maximum with respect to time, i.e.,
To decrease the number of bright pixels further, a morphological thinning is applied next (e.g., Gonzalez & Woods 2008) . This procedure removes bright pixels in such a way that an object without holes shrinks to a minimally connected stroke, thereby a "skeleton" of the spectrum is obtained. One important advantage of this operation is that it equalizes the contributions of all parts of type II lanes, both thin and thick. The last morphological filtering procedure removes isolated bright pixels as well as features consisting of bright pixels connected in such a way that the frequency increases with time. The final result of filtering is shown in Figure 1 (c) (here bright pixels are black while dark pixels are white). It is clearly seen that the number of bright pixels is small and type II lanes are converted to thin lines, which can be considered as approximately straight.
Recognition
To find straight segments in filtered images, the standard Hough transform (Hough 1962 ) is used. This transform converts an image into another image in a parameter space whose coordinates correspond to parameters for straight segments in the original image. Hough (1962) proposed to choose the slope and intercept as coordinates in the parameter space. Today the ρ − θ parameterization suggested by Duda & Hart (1972) is almost universally used and is chosen in the present study. Here ρ is the perpendicular distance from the line to the origin and θ is the angle between the line and one of the axes (e.g., Gonzalez & Woods 2008) .
Straight segments in the original image correspond to peaks in the parameter space. Thresholding is applied to find significant peaks. For each significant peak, the corresponding segment is found in the image. Then several segments can be combined into one "event" provided they are overlapping in time or separated by a short gap. Figure 1(d) shows two segments corresponding to fundamental and harmonic emission, the corresponding time intervals for this particular event are overlapping.
The procedure outlined above uses a set of parameters. The most important parameters specify the region where the peaks are sought in the parameter space, the resolution, and the threshold value. To find the best set of parameters, different criteria for optimality can be used. Probably the most appropriate is the Neyman-Pearson criterion (Neyman & Pearson 1933) , which maximizes the probability of detection, P d , for a given acceptable probability of false alarm, P fa .
To find the relationship between P d and P fa , a representative set of the 40 coronal type II bursts observed in 2002 at Learmonth was analyzed. The results obtained for the corresponding 40 daily spectra are shown in Figure 2 . It is seen that P fa attains 0.004 hr −1 and then increases abruptly when P d exceeds ∼80%. The set of parameters corresponding to this pair of probabilities has been chosen as an optimal set and then used in the processing of all available daily spectra with type II bursts observed at Learmonth in 2002. In accordance with our procedure, overlapping events are combined, whence a set of 46 distinct events was obtained.
The results of processing are shown in the last two columns in Table 1 : 36 of 46 known bursts and five false positives were detected. The total duration of the observations is ∼510 hr. Hence the probability to detect type II bursts is 78%, in good agreement with the previous value of 80%, and the occurrence rate of false alarms can be estimated as one false event per 100 hr. However, this rate depends strongly on solar activity because false positives are usually associated with type III Figure 2 . Performance of the ARBIS 2 method for detection of coronal type II radio bursts. groups and storms. Specifically, under current quiet conditions without solar radio bursts, no false type II events have been observed during three months of continuous patrolling, the corresponding estimate for probability is less than 10 −4 false events per hour.
First Observation of Type II Burst in Real-time Data
The method described above has been implemented in ARBIS 2, which is now able to find coronal type II bursts in real-time data of the Learmonth radio spectrograph. The first real-time detection of such an event occurred on 2008 October 31, near 05:55 UT, when the level of solar activity was still very low. Figure 3 shows the corresponding fragment of the dynamic spectrum. A bunch of type III bursts centered at 05:45 UT is easily seen. Shown also are the ends of three straight segments found by ARBIS 2 in the real-time 1/f versus t spectrum. Unfortunately, for this particular time interval a very strong manmade interference (both discrete and continuum-like) forms a rather intense background, which hides most of the type II bursts below 75 MHz, so that the burst is very difficult to see in the raw data. The spectrum shown in Figure 3 was obtained upon preprocessing not implemented in ARBIS; i.e., a frequency-dependent background was subtracted, then the histogram equalization and median filtering were applied. These techniques allow us to reveal a low-frequency part of the type II burst, while the preceding type III bursts also became easier to recognize. It is clearly seen that there is a quite typical multi-lane type II event lasting from 05:49 UT to 06:06 UT.
SUMMARY AND CONCLUSIONS
This Letter presents a new objective method developed to detect coronal type II bursts automatically, both in real-time and in archived radio spectrograph data. The method is implemented in the second version of the ARBIS 2. The central idea of the implementation is to use the Hough transform to detect bursts as approximately straight segments in 1/f versus t dynamic spectra. Preliminary tests of the method show that the performance of the current implementation is quite high, ∼80%, while the occurrence probability for false positives is reasonably low, with 1 false event per 100-200 hr or more than 10000 hr of observation when the solar activity is high and low, respectively.
The ARBIS 2 performance depends on a number of parameters used in the data processing, the main parameter being closely related to the length of the type II trace in the dynamic spectrum, i.e., on the duration and frequency range where it is discernible. Thus bursts that are short and occupy a narrow frequency range are more difficult to find. The probability of finding type II events can be increased by decreasing the thresholds used in the recognition module. However, this would make the criteria less restrictive and would increase the number of false positives, thereby degrading the specificity.
The first detection of a type II burst in real-time data subject to strong wide-band interference confirms the good sensitivity of the ARBIS 2 method. This burst is probably the first one that was observed by a ground-based instrument in solar cycle 24.
Both the technique described here and ARBIS 2 itself should be useful for solar radio observatories engaged in space weather forecasting, as well as for routine detection and documentation of solar radio events. This recognition method is also generalizable to other similar interplanetary and astrophysical phenomena.
